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1.1.1 A Planar Electromagnet
Microwiggler for Free Electron
Lasers
Short-period (1-10 mm) wigglers for free electron
laser (FEL) applications have been a subject of
considerable interest. 9 The use of this kind of
microwiggler permits higher frequency radiation to
be generated with a device which is more compact
than one employing wigglers of standard lengths
(typically 3-10 cm).
Reduced length scales imply that fabrication
imperfections become increasingly more serious.
Field amplitude tunability, as a means of compen-
sating for the resulting random field errors,
becomes a particularly important attribute for a
microwiggler design. Field amplitude tunability
also has a general usefulness for applications like
field tapering for FEL efficiency enhancement. The
use of electromagnets permits such tunability;
moreover, a planar geometry wiggler readily lends
itself to a tunable configuration because it can be
made of discrete electromagnets.
We have constructed a four period microwiggler
prototype with a period of 10.2 mm and gap of 5.1
mm consisting of 16 wire coil electromagnets
wound on laminated Microsil (silicon iron) cores.
Each core consists of seven laminations of dimen-
sions 1.27 x 3.81 x 0.356 cm. Figure 1 illustrates
the geometry. The test piece has a tunable ampli-
tude with the current delivered to each half-period,
adjustable by means of a precision potentiometer.
Each coil consists of 50 turns of 32 AWG copper
wire (0.0202 cm diameter) and has a resistance of
2.4 2. The coils are connnected in parallel, and
the wiggler is energized by a simple pulser circuit
consisting of an air core inductor (L = 1.3 mH)
and a bank of six 1500 yF capacitors connected in
parallel. The resulting waveform is an under-
damped sine wave. The pulser is fired by an SCR
which commutates off at the first zero crossing of
the current. Hence, the wiggler is energized by a
single positive current pulse. The full period of the
underdamped waveform is about 22 ms.
Figure 1. Geometry of the microwiggler test piece.
The coordinate axes as well as definitions of design
parameters are shown. The arrows inscribed on the
copper windings indicate the direction of current flow.
9 S.C. Chen, G. Bekefi, S. DiCecca, and A.C. Wang, Nucl. Instrum. Methods A285:
J. Appl. Phys. 64: 6 (1988) and references therein; R.M. White, App. Phys. Lett.
Elias, and J. Kimel, Nucl. Instrum. Methods A250: 125 (1986); B.G. Danly et al.,
23: 103 (1987); S.C. Chen, G. Bekefi, S. DiCecca, and R. Temkin, Appl Phys. Lett.
290 (1989); J.H. Booske et al.,
46: 194 (1985); G. Ramian, L.
IEEE J. Quantum Electron. QE
46: 1299 (1989).
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Figure 2. Wiggler field amplitude as a function of current density. Measured data and Poisson calculations are
shown.
The wiggler field amplitude as a function of the
input current density was measured and is shown
plotted in figure 2. The results of a Poisson simu-
lation match the data quite well. This is partly for-
tuitous, since we made no effort to model the
permeability of our particular material. The probe
was located at a peak near the central part of the
wiggler; the input current was measured using a
Rogowski coil, and the field was measured by
means of a Hall probe gaussmeter, using a spe-
cially designed miniature probing tip. The current
values shown are those borne by the 32 AWG
wire. A current of 20 A corresponds to a current
density of 6.24 x 104 A/cm2.
Note that B as a function of I is quite linear to
about 3.2 kG. The 3-kG linear field regime of our
design extends further than those of ferro core
designs reported previously. Figure 3 shows a
Poisson-generated flux map of our prototype in its
linear regime. The regions of highest flux density
in the cores occur inside the windings, which are
thus purposely displaced toward the polefaces rel-
ative to the center of the cores. The closer to the
polefaces the highest flux density region occurs,
the higher will be the fields at the polefaces (and
on the wiggler axis) when the cores saturate. The
windings do not extend along the entire ferro core
since, in this kind of configuration, the highest flux
density occurs at the center of the cores, well back
from the polefaces, leading to the onset of satu-
ration at relatively low field levels.
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Figure 3. Poisson-generated equipotential map for the
linear B/H regime.
Figure 4 shows the prototype's measured,
untuned, on axis magnetic field profile. Poisson
calculations of the peak fields are also shown.
There is very little higher harmonic content in the
field. This is mainly due to the large gap to period
ratio: The field at a given point on the wiggler axis
is the sum of contributions from many half period
elements. The wiggler end effects are quite small
due to the favorable symmetry of the current
density about the central plane perpendicular to
the wiggler (z) axis. In the absence of tuning, we
observe random field amplitude errors in the proto-
type of ±4%; this is a reasonable value, consid-
ering the very simple methods used in its
construction.
MIT prototype. The field map shown corresponds to the
V ,
Z--
Figure 4. Measured wiggler field profile taken along
the wiggler axis without tuning. The continuous curve
is the measured data. Poisson calculated values for the
peaks are shown as crosses.
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Random field errors as well as undesired system-
atic finite wiggler effects are sharply reduced by
tuning. The results of profile tuning experiments
are shown in figure 5. Figure 5(a) is a plot of the
prototype's on axis magnetic field tuned to a con-
stant amplitude profile. Random field errors are
0.4% rms, with a maximum deviation from the con-
stant amplitude of 0.6%. Amplitude tuning has
therefore reduced random field errors by an order
of magnitude. Minor improvements in the tuning
regimen should permit further reduction of random
field errors, perhaps to the level of 0.2% rms.
Figure 5(b) is a measured profile demonstrating
the capability of adiabatic field up-taper for
improved e beam coupling into the wiggler. The
magnet was deenergized with about 0.5 A per coil
(for a total of 8.0 A) during the tuning and profile
measurements.
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Figures 5a and 5b. Measured wiggler field profiles
taken along the wiggler axis with tuning. A constant
amplitude profile is shown in 5a (above). The ampli-
tude is constant to 0.4 7t rms with a maximum deviation
of 0.6 7r. A "linear ramp" profile is shown in 5b
(below) which demonstrates the capability for adiabatic
up taper for wiggler e-beam matching.
Figure 6 is a plot of the measured wiggler field
profile across the gap, along a line from poleface
center to poleface center. The data are again well
matched by the Poisson code and also well repres-
ented by a hyperbolic cosine curve, in agreement
with expectations. The distance over which meas-
urements could be taken was restricted by the
Hall probe hitting the polefaces.
The testing of the four-period prototype has ended
and construction of a 70-period system has begun.
During the summer of 1991, it will be moved to
the Brookhaven National Laboratory in a MIT/BNL
research collaboration. Our microwiggler will be
installed in a new 50 MeV RF Linac under con-
struction at BNL. Output peak power of ~ 10 MW
at a wavelength of 532 nm is expected (see table I
and figure 7).
MIT/BNL Microwiggler FEL Collaboration
* e-beam (BNL):
- 0.3 mm radius, Ay/y < .001
- Normalized emittance, 6 mm-mrad
- 50 A, 6 psec micropulses, 100 per
1 p sec macropulse, at 50 MV
- SLAC-style RF linac with
photocathode
* Wiggler (MIT):
- 8.8 mm period, 70 periods, each
half-period tunable.
- 4.4 mm gap, planar geometry.
- Uniform axial field profile, ends
tapered for zero displacement
and steering.
- Operating magnetic field level
> 5 kG.
- Tunable to accuracy of < 0.5%.
* Output radiation:
- 532 nm
- 100 MW intracavity power, 10 out-
coupling: 10 MW peak output
Table 1.
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Figure 6. Measured wiggler field profile taken across the wigglergap from poleface center to poleface center. The
data is normalized to the value of the filed at the gap center. A Poisson calculation of the filed profile is shown as
well as the hyperbolic cosine function that best fits the data.
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1.2 Plasma Wave Interactions -
RF Heating and Current
Generation
Project Staff
Professor Abraham Bers, Dr. Abhay K. Ram, Dr.
Jean-Loup Delcroix, Dr. Vladimir Fuchs, Dr. Lazar
Friedland, Carson C. Chow, Mark Jablonski,
Kenneth C. Kupfer, Michael C. Moldoveanu
1.2.1 Introduction
The research work of this group is concerned with
studies on the electrodynamics of plasmas. Partic-
ular attention is directed toward understanding the
nonlinear dynamics of plasmas driven by high-
frequency electromagnetic fields (as in RF heating
and current drive of magnetically confined
plasmas, or in laser-plasma interactions). This
entails extending dynamical chaos studies to infi-
nite dimensional systems of continua. In particular,
such nonlinear dynamics can lead to spatio-
temporal chaos which we have undertaken to
study in the generic nonlinear interaction of three
wavepackets. Our studies also continue on the
generation and propagation of unstable radiations
from laser-plasma interactions and anisotropic
electron distributions in space and astrophysical
plasmas.
1.2.2 Spatio-Temporal Chaos in the
Nonlinear Three-Wave Interaction
Sponsors
Lawrence Livermore National Laboratory
Subcontract B1 08472
National Science Foundation
Grant ECS 88-22475
U.S. Department of Energy
Contract DE-FG02-91 -ER-54109
We have examined the large system, longtime
behavior of the nonlinear three-wave interaction
describing the saturation of an unstable wave by
coupling to two damped waves. We observe
spatio-temporal chaos involving coherent struc-
tures that are characterized by temporal and spatial
scales.
The term spatio-temporal chaos has been used to
describe a spatially extended system where
coherent structures or spatial patterns exhibit
chaotic dynamics. This is contrasted with fully
developed turbulence where there is a cascade to
finer and finer scales. The Kuramoto-Sivashinsky
(KS) equation describing the propagation of flame
fronts has been used as one of the paradigms for
spatial chaos in one dimension and has been
studied in great detail. 10 In that system, a stable
periodic pattern becomes chaotic as the length of
the system increases. The chaotic state is charac-
terized by a finite spatial correlation length and a
power law scaling for low frequencies.
The nonlinear three-wave interaction in its various
forms has applications to plasma physics, non-
linear optics, and hydrodynamics. In its conserva-
tive form, the space-time evolution of this
nonlinear interaction is integrable by inverse scat-
tering and exhibits the generation and interchange
of solitons by the three wavepackets."1 We con-
sider one form of these equations, the three wave
decay instability, to describe the saturation of a
linearly unstable parent wave by nonlinear cou-
pling to two damped daughter waves. We have
found that this three wave decay instability pos-
sesses coherent structures that interact chaotically.
The conservative form of the system has soliton
solutions and the coherent structures are remnants
of these solitons. We refer to these objects as
quasi-solitons. They are of finite spatial extent but
they damp as they propagate, and they do not pre-
serve their form after collisions as solitons would.
For space-time scales larger than those that char-
acterize these structures, there is no coherence.
For very long wavelengths, there is incoherence as
occurring in the KS equation.
Researchers have previously looked at the
dynamics of the three wave decay instability for
evolution in time only (i.e., with imposed spatially
uniform amplitudes). 12 They have observed sub-
harmonic cascades to chaos and intermittency
depending on the ratio of the damping rate of the
daughter waves to the growth rate of the parent
wave. They also found that a small amount of
temporal dephasing or frequency mismatch is
required to saturate the instability. We find for
10 P.C. Hohenberg and B.I. Shraiman, Physica 37D: 109 (1989).
11 A. Bers, D.J. Kaup, and A.H. Reiman, Phys. Rev. Lett. 37: 182 (1976); D.J. Kaup, A. Reiman, and A. Bers, Rev.
Mod. Phys. 51: 915 (1979); and references therein.
12 J.-M. Wersinger, J.M. Finn, and E. Ott, Phys. Fluids 23: 1142 (1980); C. Meunier, M.N. Bussac, and G. Laval,
Physica 4D: 236 (1982).
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spatio-temporal evolution, that a cutoff for high
wavenumbers in the unstable growth in the form
of diffusion is necessary to saturate the instability.
Temporal dephasing produces no noticeable effect
in the results. We also find that spatio-temporal
chaos can occur for arbitrarily small growths of the
parent wave. All that is required is that the system
size be large enough to accommodate more than
one quasi-soliton. We do not find routes to chaos
traditionally ascribed to low dimensional systems.
1.2.3 Quasiperiodicity in Stimulated
Brillouin Scattering
Sponsors
Lawrence Livermore National Laboratory
Subcontract B1 08472
National Science Foundation
Grant ECS 88-22475
The dynamics of stimulated Brillouin scattering
(SBS) has captured considerable interest recently,
both in laser plasma interactions and in optical
fibers. A recent experiment has demonstrated evi-
dence of complex temporal evolution of SBS in an
optical fiber without external feedback.13 To
understand this, we have considered a simple
model of SBS in a finite sized, homogeneous
medium with the inclusion of very small temporal
dephasing and shown the occurrence of
quasiperiodicity and propagating spatial patterns.
The model involves three interacting waves
without any external feedback. Previous theore-
tical analyses of SBS without temporal dephasing
have found limit-cycle behavior and chaos, but
with more complicated models involving more
than one pump beam 14 or with external optical
feedback' 5 (e.g., reflection at the boundaries). In
our three-wave model with dephasing, we observe
broad band temporal behavior but no transition to
chaos defined by a positive Lyapunov exponent.
The dephasing may be externally imposed on the
pump. However, we find that the amount of
dephasing required to exhibit the observed
behavior is so small that it may occur merely from
the inherent temporal variations of the system.
These results indicate that nonlinear SBS may be
intrinsically unsteady, so any long time modeling
requires a full dynamical analysis.
1.2.4 Bandwidth of Scattered
Radiation in Laser-Plasma
Interactions
Sponsor
Lawrence Livermore National Laboratory
Subcontract B108472
Using three-dimensional space-time analysis of the
evolution of linear instabilities, we have shown
that both stimulated Raman scattering (SRS) and
stimulated Brillouin scattering (SBS) have a finite
bandwidth regardless of whether the instability is
convective or absolute. We have calculated the
bandwidth for typical laser-plasma experiments
and find that it has a strong dependence on the
scattering angle. The SBS bandwidth increases as
the ion sound speed is increased, while the SRS
bandwidth decreases when the density of the
region where the instability is generated is
increased.
Both SBS and SRS are three-wave parametric
instabilities produced by the interaction of an inci-
dent laser field with a plasma wave. 16 One of the
characteristics observed in laser-plasma exper-
iments has been the bandwidth associated with
the scattered light of the two processes. Recent
advances in streak-camera diagnostics of the scat-
tered light in laser plasma experiments give a
measurement of the emitted bandwidth.
17
Although this bandwidth may be strongly affected
by the nonlinear saturation characteristics of these
instabilities, a first step in understanding the
observed bandwidth (particularly at early times)
can be based upon the linear theory of evolution
of these instabilities.
13 R. Harrison, J. Uppal, A. Johnstone, and J. Moloney, Phys. Rev. Lett. 65: 167 (1990).
14 A. Gaeta, M. Skeldon, R. Boyd, and P. Narum, J. Opt. Soc. Am. B 6: 1709 (1989).
15 C. Randall and J. Albritton, Phys. Rev. Lett. 52: 1887 (1984); K. Sauer and K. Baumgartel, Phys. Rev. Lett. 52:
1001 (1984); R. Blaha, E. Laedke, A. Rubenchik and K. Spatschek, Europhys. Lett. 7: 237 (1988).
16 W.L. Kruer, The Physics of Laser-Plasma Interactions (Reading, MA: Addison-Wesley Publishing Co., 1988); A.
Bers, "Linear Waves and Instabilities," in Plasma Physics-Les Houches 1972 (London: Gordon and Breach,
1975).
17 R.P. Drake, P.E. Young, E.A. Williams, K. Estabrook, W.L. Kruer, B.F. Lasinski, C.B. Darrow, H.A. Baldis, and T.W.
Johnston, Phys. Fluids 31: 1795 (1988), and references therein.
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Previous linear instability analyses of the band-
width were based upon the complex frequency
solutions of the (SRS/SBS) dispersion relations
for real wave-vectors; the bandwidth was then
taken as the range of real frequencies associated
with temporal growth. 18 However, such analyses
are not sufficient to describe the space-time evolu-
tion of the instabilities; this requires a Green's
function and pinch-point analysis that properly
describes the evolution of the instability as a
growing pulse in space-time.19 Such an analysis
for the evolution of these instabilities has been
carried out in three spatial dimensions and time. 20
Based upon the same type of Green's function
analysis, we find that the scattered light emanating
from a local density in the plasma has a substantial
bandwidth (ranging up to 10's of A for SBS, and
up to 100's of A for SRS), as is frequently
observed; we also find that the bandwidth varies
strongly with the direction of observation. By
contrast, the usual analysis of the dispersion
relation predicts much narrower (by one to two
orders of magnitude) bandwidths. We find that
the bandwidth is finite regardless of whether the
nature of the instability is absolute or convective21
and is a natural consequence of the space-time
evolution of the SRS and the SBS. The band-
width is a function of the viewing angle; it is a
maximum in the forward direction.
1.2.5 Absolute Versus Convective
Instabilities in Space Plasmas
Sponsor
National Aeronautics and Space Administration
Grant NAGW-2048
Laboratory, Space, and Astrophysical plasmas are
rich sources of electromagnetic radiation which
have intensities above the thermal levels of emis-
sion. There are two generic ways of generating this
radiation. The first is due to some internal sources
of free energy which excite, from noise, an insta-
bility inside the plasma. This occurs, for instance,
due to spatial gradients or anisotropies inherent in
the plasma. The second way that the plasma acts
as a source of electromagnetic radiation is by stim-
ulated scattering of some of the externally incident
electromagnetic waves. This may happen when the
incident waves couple nonlinearly to some normal
modes of the plasma and unstably drive, from
noise, the scattered radiation from inside the
plasma. In either case, the instability evolves in
the free energy source region, leading, eventually,
to electromagnetic radiation propagating out of the
plasma.
An aspect of the radiation that is observed and
measured by a detector or a probe, which is
located in the source region or far away from it, is
the intensity of the emission as a function of either
the frequency or the wavelength of the emission.
In order to understand the emission, one needs to
know about the onset of the instability that leads
to the observed emission; the propagation in space
and time of the instability through the source
region and beyond; and, finally, the evolution
toward the saturated nonlinear state which is
eventually observed.
The linear evolution and propagation of instabili-
ties in a homogeneous medium is studied by well-
known techniques.22 We have used these to study
the propagation of cyclotron maser type of insta-
bilities. Such instabilities are believed to be a
source of some types of observed planetary, solar
and stellar emissions, and, in particular, of auroral
kilometric radiation. 23
We have considered a highly anisotropic, ring-like,
electron distribution function in a uniform, back-
ground magnetic field and studied the space-time
evolution of instabilities propagating along the
18 J.F. Drake, P.K. Kaw, Y.C. Lee, G. Schmidt, C.S. Liu, and M.N. Rosenbluth, Phys. Fluids 17: 778 (1974); K.
Nishikawa, J. Phys. Soc. Japan 24: 916 (1968).
19 A. Bers, Handbook of Plasma Physics, eds. M.N. Rosenbluth and R.Z. Sagdeev (Amsterdam: North-Holland,
1983), vol. 1, chap. 3.2.
20 F.W. Chambers, Ph.D. diss., Dept. of Phys., MIT, 1975.
21 A. Bers, "Linear Waves and Instabilities," in Plasma Physics-Les Houches 1972 (London: Gordon and Breach,
1975); A. Bers, Handbook of Plasma Physics, eds. M.N. Rosenbluth and R.Z. Sagdeev (Amsterdam: North-
Holland, 1983), vol. 1, chap. 3.2.
22 A. Bers, Handbook of Plasma Physics, eds. M.N. Rosenbluth and R.Z. Sagdeev (Amsterdam: North-Holland,
1983), vol. 1, chap. 3.2.
23 D.B. Melrose, Astrophys. J. 207: 651 (1976); C.S. Wu and L.C. Lee, Astrophys. J. 230: 621 (1979).
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magnetic field.24 The relativistic Vlasov dispersion
relation shows three branches: one corresponding
to a whistler mode (with a phase velocity less than
the speed of light); an electromagnetic mode (with
phase velocity greater than the speed of light); and
a negative energy mode. The coupling of the neg-
ative energy mode to the whistler mode or the
electromagnetic mode leads to the whistler insta-
bility or the relativistic instability, respectively.
The pinch-point instability analysis 25 in the labora-
tory frame shows that there are three pinch points
with two of them corresponding to the whistler
instability and one to the relativistic instability.
The whistler instability, while it has a larger
growth rate than the relativistic instability, can be
stabilized by a finite thermal spread along the
magnetic field. 26 The relativistic instability is not
affected by such thermal effects since its phase
velocity is greater than the speed of light. For ring
distributions with no drift along the magnetic field,
both instabilities are absolute and characterized by
a narrow bandwidth. For sufficiently high drift
velocities along the magnetic field, both instabili-
ties are convective and characterized by a broad
bandwidth of frequencies. Thus, there is a distinct
observational difference between absolute and
convective instabilities. The emission corre-
sponding to an absolute instability will have a
narrow frequency spectrum while a convective
instability will correspond to a broadband emis-
sion.
We have also done a pinch-point analysis for elec-
tromagnetic instabilities propagating across a mag-
netic field that are generated by a ring distribution
function of electrons. We have studied those insta-
bilities with phase velocities greater than the speed
of light and, thus, are not affected by cyclotron
resonance damping. Furthermore, we have
restricted ourselves to the case of low-densities
(which is an appropriate limit for the conditions
that exist in the source regions of the auroral kilo-
metric radiation). Instabilities are found to be
generated near the electron cyclotron frequency
and its harmonics. We observe an interesting
space-time behavior of these instabilities as a
function of density. For very small densities, the
instability near the fundamental electron cyclotron
frequency is an absolute instability, while the
instabilities at the harmonics are convective insta-
bilities. As the density is increased, the instability
at the second harmonic also becomes an absolute
instability. For further increases in density, the
instability at the fundamental cyclotron frequency
becomes convective, while the instability at the
second harmonic remains as an absolute insta-
bility. Hence, we have harmonic generation from a
completely linear theory. These results should be
important in explaining the observed emission at
harmonics of the electron cyclotron frequencies in
the auroral regions.27
1.2.6 Fast Electron Transport during
Lower-Hybrid Current Drive
Sponsors
National Science Foundation
Grant ECS 88-22475
U.S. Department of Energy
Contract DE-FG02-91 -ER-54109
We have carried out a study of electron transport
driven by externally imposed wave fields during
lower-hybrid current drive. When the plasma dis-
sipation is weak, the ray paths of the waves can
make several toroidal transits and suffer numerous
radial reflections during which time the poloidal
mode numbers of the rays upshift until the fields
are Landau damped. 28 In this case, one may
assume that there exists in the plasma a random
phase ensemble of waves with a broad distribution
24 V.V. Zhelezniakov, Izv. Vys. Voch. Zaved. Radiofiz. 2: 14
Prog. Rep. 77: 149-152, 78: 105-110, 79: 107-112, Res.
A. Bers, "Relativistic Electromagnetic Instabilities Near
ceedings of the Fourth International Workshop on Electron
Heating, Ufficio Edizioni Scientifiche, Frascati, Rome, Italy
1984.
(1959); A. Bers, J.K. Hoag, and E.A. Robertson, Quart.
Lab. of Electron., MIT, 1965; A.K. Ram, G. Francis, and
Electron Cyclotron Frequency and Harmonics," Pro-
7 Cyclotron Emission and Electron Cyclotron Resonance
, 1984; Report PFC/CP-84-5, Plasma Fusion Ctr., MIT,
25 A. Bers, Handbook of Plasma Physics, eds. M.N. Rosenbluth and R.Z. Sagdeev (Amsterdam: North-Holland,
1983), vol. 1, chap. 3.2.
26 E.A. Robertson and A. Bers, Quart. Prog. Rep. 79: 107-112, Res. Lab. of Electron., MIT, 1965.
27 R.F. Benson, J. Geophys. Res. 90: 2753 (1985).
28 P.T. Bonoli and R.C. Englade, Phys. Fluids 29: 2937 (1986).
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of both poloidal and toroidal mode numbers; 29
radial electron transport is induced by the poloidal
component of the wave fields via the guiding
center E x B drift of electrons in resonance with
the wave fields. The transport is studied via a
quasilinear-Fokker- Planck equation which
includes resonant E x B diffusion. Two types of
radial flows are obtained: (1) a convective flow
driven by an asymmetric poloidal wave spectrum,
and (2) a collisionless diffusive flow proportional
to the width of the poloidal spectrum. The
convective flow is outward when the poloidal
spectrum is upshifted to fill the spectral gap.
Upperbounds are put on both the radial con-
vection velocity and diffusion coefficient by
assuming that the upshifted poloidal mode
numbers dominate the toroidal mode numbers in
determining the resonance condition. Based solely
on these estimates, the outward convection would
be important in determining the fast electron con-
finement time. Specific cases were studied by
toroidal ray tracing to determine the spectrum
inside the plasma and the resulting convection and
diffusion coefficients. Simulations of Alcator C
and JT60 show that the radial convection velocity
has a broad maximum of nearly 1 m/sec and is
independent of the amplitude of fields. In both
cases, the radial diffusion is found to be highly
localized near the magnetic axis. For JT60, the
peak of the diffusion can be quite large, nearly
1 m2/sec.
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1.3 Physics of Thermonuclear
P lasmas
Sponsor
U.S. Department of Energy
Contract DE-AC02-ET-51013
Project Staff
Professor Bruno Coppi, Dr. Ronald C. Englade, Dr.
Stefano Migliuolo, Dr. Marco Nassi, Dr. Linda E.
Sugiyama, Dr. Leonid E. Zakharov, Riccardo Betti,
Paolo Detragiache, Darin Ernst
The main theme of this program is the theoretical
study of magnetically confined plasmas in regimes
of thermonuclear interest. A variety of physical
regimes that fall in this category characterize both
present-day experiments on toroidal plasmas (e.g.,
Alcator, TFTR, JET) as well as future experiments
that will contain ignited plasmas. These will either
involve first generation fuels, namely a deuterium-
tritium mixture (Ignitor, CIT), or more advanced
fuels such as deuterium-deuterium or deuterium-
helium mixtures (Candor). A coordinated effort of
collaboration between the design group of the
U.S. compact ignition experiment, CIT, and that of
the European experiment, Ignitor, has been set up
with our participation. At MIT, the Alcator
C-MOD experiment that combines the favorable
features of an elongated plasma cross section with
a high magnetic field is under construction. These
features, which are also being planned for CIT and
Ignitor, were originally proposed for a machine
called Megator, designed by us in the early 1970s.
Presently, our research program follows two major
avenues. First, the basic physical processes of
thermonuclear plasmas (equilibrium, stability,
transport, etc.) are being studied as they apply to
existing or near-term future systems. In this effort
we closely collaborate with our experimental col-
leagues, as well as theorists from other research
groups (e.g., Joint European Undertaking (J.E.T),
Princeton, Columbia). This work also involves
time-dependent simulations of plasma discharges
in the planned D-T burning Ignitor experiment,
with particular attention being focused on the evo-
lution of spatial profiles of plasma current and
temperature. Collaboration with our colleagues at
the Italian laboratories of E.N.E.A. (Energia
Nucleare e Energie Alternative), as well as in-
house code development by young scientists "on
loan" from Italy, plays a major role in this
endeavor. Second, we explore advanced regimes
of thermonuclear burning, including those
employing low neutron yield fuels (3D-He, and
"catalyzed" D-D). We consider both the design of
machines that will contain these very high temper-
ature plasmas as well as the physics that govern
their behavior.
We present below some of the salient results on
work completed or presently being worked on by
members of our research group.
1.3.1 Symmetries and Global
Transport Equations
We formulate30 constraints that apply to the
current density profile in a high temperature
toroidal plasma and introduce an effective thermal
force and electron viscosity term in the current
density equation. Correspondingly, the electron
thermal energy equation acquires new terms. A
matrix equation that relates the electron thermal
energy transport to that of the current density is
derived. The symmetry properties of this matrix are
identified and used to prescribe realistic conditions
on the electron temperature and current density
profiles.30
These profiles are relevant to high temperature
regimes. In fact, in these regimes the presence of
a population of magnetically trapped electrons
affects the plasma resistivity so that it causes a
30 B. Coppi and F. Pegoraro, submitted to Phys. Fluids (1991).
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current density distribution with a cusp-like
profile31 near the magnetic axis for the observed
(canonical) 32 electron temperature profiles, when a
simple Ohm's law is adopted to relate the current
to the electric field.
The product of our theory that involves coupling
of the transport of the electron thermal energy and
of the current density is a "profile equation,"
which relates the two equilibrium profiles to the
resistivity and a new thermal-viscous transport
coefficient. The equation is of the singular, non-
linear, integrodifferential type.
We have solved this equation numerically for five
resistivity models:33
1. An oversimplified neoclassical model with v,e
= 0
2. A more realistic neoclassical model that
includes particle detrapping ve : 0
3. A simplified neoclassical model giving quali-
tatively identical results to (b).
4. A model obtained from a transport code com-
bined with the neoclassical theory near the
magnetic axis.
5. A model obtained from JET experimental data.
In all cases we find current profiles that are well-
behaved near the magnetic axis, resolving the
problem of the cusp-like profiles previously pre-
dicted by neoclassical resistivity and Ohm's law.
In addition, the resulting electron temperature
profile is found to be insensitive to the size of the
thermal-viscous diffusion coefficient, in agreement
with the principle of profile consistency.
Finally, we have solved the profile equation analyt-
ically and studied the mathematical properties of
its solutions.33 This work will form the basis for
use of this model in transport codes.
1.3.2 Combined Transport and Ray
Tracing Studies of ECRF Heating in
CIT
We have continued our productive collaboration
with Dr. Miklos Porkolab, task leader for the
assessment of electron cyclotron radiofrequency
(ECRF) heating prospects in the proposed
Compact Ignition Tokamak (CIT). Moving beyond
an approach 34 which modeled power deposition
results obtained from a stand-alone ray tracing
package as input to a 1 1/2D equilibrium and
transport calculation, we have succeeded in devel-
oping a large combined code in which the ECRF
ray propagation and absorption, the MHD equilib-
rium calculation, and the plasma heat transport are
treated self-consistently.35 The ECRF package is a
variation of the TORAY36 toroidal ray tracing code,
valid in both the Doppler and relativistic regimes.
The values along a ray trajectory of the temper-
ature, density, magnetic field components, and the
derivatives of these quantities in a Cartesian coor-
dinate system that are required inputs to TORAY
have been obtained by a modification of the
BALDUR 1 1/2 D equilibrium package described
by Coppi and Pegoraro. 37 This modification makes
extensive use of a procedure originally developed
to track a chord through the nested flux surface
geometry of a toroidal device.38 We have used the
combined code to simulate start up scenarios for
CIT in which the ECRF frequency and injection
angle are chosen to maintain either centralized or
31 B. Coppi and L. Sugiyama, Comm. Plasma Phys. Cont. Fusion 10: 43 (1986).
32 B. Coppi, Comm. Plasma Phys. Cont. Fusion 5: 261 (1980).
33 D. Ernst, Report PTP-90/12, Res. Lab. of Electron., MIT, 1990.
34 M. Porkolab, P. Bonoli, R. Englade et al., Sixteenth European Conference on Controlled Fusion and Plasma
Physics, Venice, 1989.
35 P. Bonoli, R. Englade, M. Porkolab, et al., Seventeenth European Conference on Controlled Fusion and Plasma
Physics, Amsterdam, 1990; R. Englade, P. Bonoli, M. Porkolab et al., Bull. Am. Phys. Soc. 35: 2142 (1990).
36 A. Kritz et al., Proceedings of the Third International Symposium on Heating in Toroidal Plasmas, Brussels, 1982,
Vol. II, p. 707.
37 B. Coppi and F. Pegoraro, submitted to Phys. Fluids (1991).
38 S. Attenburger, W. Houlberg, and S. Hirshman, J. Comput. Phys. 72: 435 (1987).
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off-axis heating for the most recent machine
parameters. 39
1.3.3 Fixed Boundary Transport
Code Simulation of DT Ignition
Detailed numerical analyses of the approach to
ignition in proposed high field, tight aspect ratio
toroidal experiments such as the Ignitor and CIT
have been performed with a 1 1/2D fixed
boundary equilibrium-transport code. These
investigations have, for the most part, involved
start-up scenarios for the latest design of the
Ignitor device with maximum current and field of
12MA and 13T respectively. In one series of runs,
the electron thermal transport was assumed to
consist of a term of either the
Coppi-Mazzucato-Gruber or Intor type dominant
in the ohmic regime, with an additional contrib-
ution depending on the ratio of fusion (and auxil-
iary) heating to ohmic heating, the global poloidal
beta, and the local electron density whose magni-
tude was determined by bench-marking with
existing NBI experimental results. The ion thermal
transport was taken to be twice that of the "non-
ohmic" electron contribution plus neoclassical
diffusivity. Particle transport was assumed to
consist of an outward diffusion and an inward
convection, with both terms proportional to the
anomalous electron thermal diffusivity. Centrally
peaked source terms with magnitudes determined
by the desired rate of density ramping were used
to simulate multiple pellet fueling. Electrical
resistivity was assumed to be of the Spitzer type
corrected for the effects of trapped particles, and
sawtooth phenomena were simulated by periodic
flattening of the particle density and temperature
spatial profiles within a mixing radius defined by
conservation of helical flux. Finally, the code
allowed for arbitrary time variation of the toroidal
plasma current, vacuum toroidal field, and the
shape and location of the outer plasma boundary.
Two D-T start-up scenarios have been investigated
in detail with the code as described above. In the
first, the current was ramped linearly from 1 MA to
12MA, the field from 9T to 13T, and the central
electron (and ion) density from 7 x 1019 m - 3 to
7 x 1020 m- 3 , all in 3 seconds. The plasma was
assumed to have its full size throughout, however,
resulting in a pronounced skin current and a non-
monotonic q profile everywhere above unity. In
addition, the rise of the central temperatures and
thus significant fusion heating was relatively slow
due to the poor current penetration. In the second
scenario, the plasma boundary was expanded non-
linearly so as to maintain a relatively constant
value of qedge during ramp. This approach resulted
in good current penetration and rapid heating, but
with the region of q < 1 occupying less than 10%
of the plasma volume throughout the run. In this
situation, even quite rapid sawteeth (100 msec)
had only a small effect on the plasma energy
balance, and ignition was achieved one second
after the end of the ramp phase.
The effects of varying the thermal transport coeffi-
cients have also been studied. In particular, it was
found that increasing the magnitudes of the "non-
ohmic" electron and ion coefficients by a factor of
three did not prevent ignition if the central density
at the end of the ramp was allowed to be
1.2 x 1020 m- 3 . In another series of runs, the elec-
tron thermal transport was taken to be the sum of
a CMG term and a term expressed as
LG
Ze
1 .5
P +POH
where Ka 2 /XL G scales like the Lackner-Gottardi
global confinement time and where ZLG has a mag-
nitude that is adjusted to agree with TFTR beam
results and increases radially in an ad hoc manner.
As before, the thermal transport was taken to
consist of a neoclassical contribution plus twice
the "non-ohmic" Xe. Assuming Zeff = 1.5 due to
carbon impurity, and a central electron density of
1.0 x 1020 m - 3 at the end of the ramp phase (
t = 3.0 sec), we find that Ignitor attains Q = 5 at
t = 3.9 sec. True ignition is not reached but at
t = 6.0 sec; the fusion alpha power is 31 MW. A
somewhat higher density allows ignition to be
attained.
1.3.4 Plasma Dynamics Simulation
by the TSC Code
We are carrying out an investigation of the
dynamics of the plasma discharge, starting with
the current ramp-up phase, in a typical high field
deuterium-tritium ignition experiment, using the
TSC40 code. This is the first free boundary simu-
lation of ignition, and the first study of the effects
of a realistic current ramp on ignition (after initial
39 R. Englade, P. Bonoli, M. Porkolab et al., Bull. Am. Phys. Soc. 35: 2142 (1990).
40 S.C. Jardin, N. Pomphrey, and J. DeLucia, J. Comp. Phys. 66: 481 (1986).
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studies by Houlberg). 41 The Tokamak Simulation
Code, developed at PPPL, models the transport
time evolution, positional stability, and control
properties of non-circular, free boundary axisym-
metric tokamaks.42 It provides a time dependent,
nonlinear description of the axisymmetric MHD
and transport behavior of the plasma in two spatial
dimensions. This problem is very complex, due to
the disparate time scales of diffusion-like and
wave-like phenomena and to the anisotropy intro-
duced by the magnetic field. A self-consistent sol-
ution is obtained by solving the plasma
momentum and field evolution equations on a
two-dimensional X-Z grid, and the plasma energy
and particle evolution equations in a one dimen-
sional coordinate system which evolves with the
plasma magnetic surfaces.43 The TSC code takes
into account the plasma interaction with a set of
poloidal conductors that model the passive struc-
ture of the plasma chamber as well as with the
active poloidal field coils. These conductors obey
electromagnetic circuit equations with active feed-
back systems included. For the ignition studies,
the toroidal magnetic field is presented as a func-
tion of time. Preliminary results44 on the ignition
plasma performance using the Coppi-Tang trans-
port model 45 as well as a study on the Volt-second
requirements throughout the discharge have been
presented.46 More recently, we have modified the
transport model by assuming that the anomalous
electron heat flux can be described by a modified
form of the Coppi-Mazzucato-Gruber thermal
diffusivity, which can reproduce ohmic and L- or
H-mode experimental results in the auxiliary
heating regimes or by a diffusion coefficient based
on the ubiquitous mode.47 We have shown48 that
the current ramp phase of the di-,charge contrib-
utes substantially to the ohmic heating to ignition
in a high field device, since the ohmic heating
increases linearly with time if the density is ramped
simultaneously, even up to ignition temperatures.
Due to its spatial distribution off-axis, the ohmic
heating can remain relatively large in the interval
between the end of the ramp and ignition.
The stability of the plasma to instabilities associ-
ated with magnetic reconnection can also be
improved by controlling the current ramp. First, it
was found relatively easy to keep the radius of the
q = 1 surface small or nonexistent during the
current ramp-up, so that it reached significant size
only when the central temperature reached values
of around 5 keV or higher. Then kinetic effects
would be expected to help stabilize mo = 1 modes
associated with the sawtooth crash.49 Modest
amounts of auxiliary heating (4 MW ICRH) could
keep q > 1 until ignition. Ramping down the
current can prevent large q = 1 surfaces without
severely compromising ignition, except in marginal
cases. The edge q, of the plasma can be main-
tained between integral values during the ramp,
3 < q~a < 4, to avoid triggering serious edge insta-
bilities associated with broad current profiles.
Development of interior hollow current density
profiles were shown to be closely related to vio-
lation of the JET stability diagram in (li- -,q)
space, if the current evolved under a purely neo-
classical resistivity.
The evolution of the plasma and current density
proved to be sensitive to values of the temperature
in the outer region of the plasma. The spatial and
temporal variation of the thermal transport also
must be considered. There is a range of allowable
energy confinement levels that permits ohmic
ignition without serious problems with
nonmonotonic current density profiles and large
q = 1 surfaces. This range is under investigation.
41 W. Houlberg, Nucl. Fusion 27: 1009 (1987).
42 S.C. Jardin et al., Nuci. Fusion 27: 569 (1987); B.J. Merril and S.C. Jardin, J. Nuci. Mat. 145-147:881 (1987).
43 S.C. Jardin, in Multiple Time Scales, eds. J.U. Brackbill and B.I. Cohen (San Diego, California: Academic Press,
1985).
44 M. Nassi, S.C. Jardin, N. Pomphrey, Bull. Am. Phys. Soc. 34: 1974 (1989).
45 W.M. Tang, Nucl. Fusion 26: 1605 (1986).
46 M. Nassi, Report PTP-90/1, Res. Lab. of Electron., MIT, 1990.
47 B. Coppi, Comm. Plasma Phys. Controlled Fusion 12: 319 (1989).
48 L. Sugiyama and M. Nassi, Report PTP-90/8, Res. Lab. of Electron., MIT, 1990.
49 B. Coppi, P. Detragiache, S. Migliuolo, F. Pegoraro, and F. Porcelli, Phys. Rev. Lett. 63: 2733 (1989).
185
Chapter 1. Plasma Dynamics
1.3.5 Momentum Transport
Processes and Collective Modes
Many tokamak experimentss0 have shown that
during neutral beam coinjection (NBI), the
imparted angular momentum diffuses away from
the magnetic axis with a radial diffusivity Xo430 to
100 times greater than the known collisional
theory predicts.51 Correspondingly, when the
neutral beam is turned off, the slowing down time
is 30 to 100 times shorter than the collisional time
a2/(viip). In addition, it is well-documented that
the experimental radial diffusivities of toroidal
momentum (QX) and ion thermal energy (Xi) scale
almost identically with the minor radius of the
plasma column. 52 As one might expect, Xi often
exceeds its neoclassical estimate.
The experimental conditions are characterized by a
poloidal flow strongly damped at a rate
Tp1 - V/il(a 2 vii), rapid even on the anomalous trans-
port timescale. Therefore, the remaining flow is
predominantly toroidal, and can easily be shown
to be constant on magnetic flux surfaces.51 Conse-
quently, we seek a collisionless transport theory to
explain the observed radial diffusion of toroidal
momentum across the magnetic field. Fluctuations
traveling in both the electron and the ion
diamagnetic directions have been observed, and
the shape of the associated spectrum is inde-
pendent of the toroidal flow velocity while
acquiring a Doppler shift. This suggests anoma-
lous transport by modes of the electron-drift type.
The theory should predict the scaling XZ Xi and
be consistent with observed profile shapes as well.
A report 53 has been written describing two collec-
tive modes of the electron-drift type54 driven
unstable by the large ion flow velocity shear
induced by NBI. The modes described are con-
sistent with the above conditions. One mode
requires large flow velocities in addition to shear,
while the other, weaker instability does not require
such high flow velocities but relies on the exist-
ence of a parallel ion viscosity. Recent exper-
imental conditions in TFTR 55 are right for the
excitation of this weaker instability. Both instabili-
ties are shown to produce momentum diffusivities
XZ greatly exceeding the neoclassical result.
Following this work, we have obtained scaling
laws for xZ employing the neoclassical parallel
viscosity. In addition, we have compiled scalings
for XZ for other "anomalous viscosity" theories in a
form convenient for comparison with experimental
data obtained from interpretation codes. To this
end, transport equations describing the radial dif-
fusion of toroidal momentum have been derived
for axisymmetric systems, and a method for
extracting xZ from experimental radial profile data
has been developed.
Hospitality extended to one of us (Darin Ernst) by
our colleagues at the J.E.T., the Joint European
Undertaking, during the summer of 1990 has been
particularly beneficial in this work. With the
assistance of the theory group there, we have
compiled an experimental database consisting of
365 radial profiles. We expect this data, together
with the methods described above, to aid greatly
in our effort to connect theory and experiment in
this problem.
1.3.6 The Ellipticity Induced Alfven
Eigenmodes
During the past several years there has been
increasing interest in the problem of energetic
particle-Alfv6n wave interactions. These inter-
actions can drive instabilities that may play an
important role in (1) the observation of fishbone
oscillations in existing tokamaks56 and (2) the
possible enhanced loss of alpha particles in future
50 S.D. Scott et al., Phys. Rev. Lett. 64: 531 (1990); S.D. Scott et al., Plasma Physics and Controlled Nuclear Fusion
Research 1988, Paper I.A.E.A.-CN-50/E-3-5 (Vienna: I.A.E.A., 1989).
51 J.W. Connor, S.C. Cowley, R.J. Hastie and L.R. Pan, Plasma Phys. and Cont. Fusion 29: 919 (1987).
52 S.D. Scott et al., Phys. Rev. Lett. 64: 531 (1990).
53 B. Coppi, Report PTP 89/2, Res. Lab. of Electron., MIT, 1989.
54 B. Coppi, M.N. Rosenbluth and R.Z. Sagdeev, Phys. Fluids 10: 582 (1967).
55 S.D. Scott et al., Plasma Physics and Controlled Nuclear Fusion Research 1988, Paper I.A.E.A.-CN-50/E-3-5
(Vienna: I.A.E.A., 1989).
56 J.D. Strachan, B. Grek, W. Heidbrink, D. Johnson, S.M. Kaye, H.W. Kugel, B. LeBlanc, and K. McGuire, Nuc/
Fusion 25: 863 (1985).
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ignited devices such as CIT and ITER. 57 Specif-
ically, in the latter case it has been shown that
M HD Alfv6n waves whose frequency wA is lower
than the alpha diamagnetic frequency wo, can be
driven unstable by resonant particle interactions.
Within this class of instabilities, the current view is
that toroidally induced Alfv6n eigenmodes (TAE)5 8
may pose the most serious threat. The TAE insta-
bilities have global structure and a real frequency
that lies in a narrow gap in the continuum caused
by toroidal mode coupling. Hence, they are some-
times called "gap modes."
We have shown that noncircularity as well as
toroidicity can lead to the existence of gap
modes. 59 We have focused attention on ellipticity
as this may be the most important effect in
tokamaks. In particular, since many tokamaks
have a finite elongation (K - 1 ~ 1) as compared
to a small toroidicity (e < < 1), the elliptically
induced Alfvn eigenmode (EAE) that we found,
may indeed be a more robust and potentially dan-
gerous mode than the TAE. A summary of the
properties of the EAE mode is given below.
1. The most macroscopic and thus potentially
dangerous EAE in a tokamak couples the
m = 1, n = 1, and m = 3, n = 1 "cylin-
drical" eigenmodes.
2. The region of strong coupling (i.e., the gap)
occurs at the radius ro corresponding to
q(ro) - 2.
3. The real frequency of the mode is approxi-
mately CoO = vA(rO)/Roq(ro). The actual
eigenfrequency is shifted slightly from coo. In
principle, the shift can be positive or negative.
4. For the sake of
ellipticity is ordered
our results show
analytic simplicity the
small: K - 1 _ e 1 /2. Since
that Aw (o ~ K - 1, the
implication is that finite ellipticity leads to
finite frequency shift. Similarly, the width of
the coupling layer scales Ar/ro - K - 1 indi-
cating a region of finite extent.
The EAE as well as the TAE can be excited by res-
onance with circulating alpha particles.60 The drift
kinetic theory of these modes indicate that growth
or damping depends upon a competition between
the alpha particle driver, electron Landau damping
and continuum damping. Both the TAE and EAE
need further investigation to determine the extent
of their detrimental effect on alpha particle con-
finement in ignited tokamaks.
1.3.7 Mo = 1 Internal Modes in High
Temperature Regimes
As present experiments (e.g., JET) reach the
multi-keV regime of plasma temperatures, models
for the stability of mo = 1 internal modes must be
improved to account for kinetic effects due to ions
and electrons. In these regimes, as well as in
those relevant to planned ignition experiments
such as Ignitor, standard two-fluid theory61 is
inadecqu.. the Larmor radius of the plasma ions,
pi = 2Tim, c/eB, becomes a finite fraction of the
scaled radius of the singular surface, gl/ 3ro. Here ro
is the radius where q(r) = rBJ/RBe = 1 and
, = c2 zH/47rr is a measure of the electrical
resistivity. As a consequence, finite Larmor radius
(FLR) effects must be taken into account. These
effects are known62 to be destabilizing in that they
establish a minimum value for the thickness of the
singular layer about r = ro, where reconnection can
occur: 6/ro = max(pi/ro, AH) where AH is the ideal
MHD stability parameter. Also, in regimes where
',H < pi/ro, FLR acts to raise the mode frequency,
thereby lessening the stabilizing effect of finite
diamagnetic ion frequency ( oi ).
57 D.J. Sigmar, C.T. Hsu, R. White, and C.Z. Cheng, I.A.E.A.
Particles/Confinement and Heating, Kiev, USSR, October 1989.
Technical Committee Meeting on Alpha
58 C.Z. Cheng and M.S. Chance, Phys. Fluids 29: 3659 (1986); G.Y. Fu and J.W. Van Dam, Phys. Fluids BI: 1949(1989); J.W. Van Dam, G.Y. Fu, and C.Z. Cheng, Fus. Tech. 18: 461 (1990).
59 R. Betti and J.P. Freidberg, Elliptically Induced Alfv6n Eigenmodes, Report PFC/JA-91 -1, Plasma Fusion Ctr.,
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We have generalized 63 the kinetic model of
Pegoraro et al. 62 including the stabilizing effects of
ion viscosity through a particle and momentum
conserving Krook collision operator. For low
values of FLR and ion viscosity effects (i.e., com-
pared to AH and in the regime where the ideal
mode is stable, ,H < o0i TH/ 2 ), the normalized
eigenfrequency of the internal mo = 1 resistive
kink, 2 = -- iOTH becomes:
2i
A i
2 2 22 45- 2 _ 422 i + 3 2 H 3
2k 4HL (iv + H)
ip
4pi
4;Cj
1+
2 2
2i 2(kk + 2)2
which clearly shows the stabilization fo the FLR
enhanced resistive mode when ,v VTZH is large
enough to overcome the effect of finite electrical
resistivity, e.g., v > 40e ,( H/pii) 2 when 2A 4 A iv.
We are continuing this study by numerically
exploring regions in parameter space (e.g., .H - 0
and/or pi/6/ 3 r0 > 1 ) where analytic perturbation
techniques are inappropriate. In particular, we find
that the growth rate of resistive mo = 1 modes is a
non-monotonic function of the effective FLR
parameter p - pilE// 3 ro. For < 1, the mode actu-
ally becomes less unstable. Hence, the results of
two-fluid theory (which formally holds for P < 1)
can be applied (with caution) to the entire regime
0 p < 1. In this manner, we are able to accu-
rately predict regimes in which ignition exper-
iments (e.g., Ignitor) will be able to operate
without incurring sawtooth crashes, e.g., for
central electron temperatures exceeding 5 keV.
1.3.8 On Temperature Gradient
Instabilities and Radial Electric
Fields
The improved level of confinement found in the
Tokamak H-mode has been attributed, among
others, to the presence of shear in the equilibrium
poloidal velocity produced by a radial electric
field.64 Since it is by now generally accepted that
ion temperature gradient instabilities have a delete-
rious affect on energy confinement, we have
studied the effects of dVE/dr on the linear theory of
those modes. 65 The simplest magnetic field geom-
etry was assumed (shearless slab) and the fol-
lowing results were obtained.
1. First order effects (proportional to dVE/dr)
come into play by modifying the effective FLR
of the mode: kjp2 -- klp2/(1 + V'E/Q) where
V'E - dVe/dr. This shift effects long (k p < 1)
and short wavelength modes in opposite
fashion, causing (for a given sign of V'E ) one
to become more unstable (at fixed
qu = d In Ti/d In n) while the other becomes
more stable.
2. Second order effects (proportional to
V"E = d2VE/dr 2 ) also cause a shift in effective
FLR. More importantly, however, they
produce a secular term to the particles unper-
turbed orbit (oc tV"EV1/4Q 2 ). This term was
known long ago 6 6 as the FLR correction to the
EXB drift. This term has a definite effect on
the stability properties of all ion temperature
gradient modes: for V"E < 0 the value of ri at
marginal stability is increased and (above mar-
ginal stability) the most unstable mode moves
to shorter perpendicular wavelengths and has
a lower growth rate.
63 S. Migliuolo, Nuct Fusion 31: 365 (1991).
64 See, e.g., H. Biglari et
IAEA-CN-53/D-3-5-2, 1990.
al., in Plasma Physics and Controlled Nuclear Fusion Research, Paper
65 S. Migliuolo and A.K. Sen, Phys. Fluids B2: 3047 (1990).
66 T.E. Stringer and G. Schmidt, Plasma Phys. 9: 53 (1967).
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1.4 Versator II Plasma Research
Program
Sponsor
U.S. Department of Energy
Contract DE-AC02-78-ET-51013
Project Staff
Professor Miklos Porkolab, Jeffrey A. Colborn,
Jared P. Squire, Jesus Noel Villasenor, Edward W.
Fitzgerald
Versator II is a small scale tokamak facility (major
radius R = 40 cm., minor radius a = 13 cm.) with
modest plasma parameters (magnetic field
Bo 5 1.3 Tesla, density ne ~ 3 x 1013 cm - 3 , and
plasma current Ip - 10-80 kA) which is used for
fundamental studies of the interaction of electro-
magnetic waves with a fully ionized, nearly
collisionless plasma. For this purpose, we use
several high power ( 100 kW) microwave
sources to launch waves at frequencies near the
electron-gyro frequency (f ~ 28-35 GHz) and the
lower hybrid (ion-plasma) frequency
(f = 800 MHz or 2.45 GHz). In the section below,
we describe three different experimental projects
which were carried out in the past year.
1.4.1 Electron Cyclotron Resonance
Heating Experiments
The purpose of the Electron-Cyclotron-
Resonance-Heating (ECRH) on Versator II is to
better understand the physical mechanisms of
toroidal plasma formation and confinement by
ECRH. In addition, ECRH is combined with
lower-hybrid current drive (LHCD) for aiding in
the efficiency of startup of a tokamak plasma.
Finally, theory predicts improved current drive effi-
ciency with LHCD in the steady state mode of
tokamak operation. In addition to its scientific
interest, better understanding of these mechanisms
may enable the construction of improved steady
state fusion power plants.
The main hardware used for these experiments are
the radiofrequency (RF) power systems including
sources, transmission lines, and antennas. These
include a 100 kW, 40 ms, 2.45 GHz LHCD system;
a 150 kW, 50 ms, 800 GHz LHCD system; and a
220 kW, 75 ms, 28 GHz ECRH system. Diagnos-
tics include an electron cyclotron radiation trans-
mission receiver, arrays of hard X-ray detectors, a
movable interferometer, probes, and ultraviolet and
microwave radiation detectors. Emphasis is being
placed on diagnosing the electron distribution
function.
In earlier years, a 35 GHz NRL-manufactured
gyrotron was used as the ECRH power source.
This gyrotron was limited to pulse lengths of less
than 3 ms, so only short-pulse experiments could
be performed. After considerable effort was
expended to improve its performance, this gyrotron
was replaced in the Fall 1990 with a Varian 28
GHz gyrotron. This tube is rated for 75 ms pulses
and has since operated reliably on Versator-ll with
pulse lengths up to 20 ms, and is limited only by
the power supply. This new gyrotron has enabled
our rapid progress, and the experimental program
described above is now underway.
Recent experiments have focused on hard x-ray
and EC radiation diagnosis of startup plasmas and
ECRH-formed plasmas. For example, recent
startup plasmas have been formed by 5 ms of
ECRH at 50 kW, followed by 25 ms of 2.45 GHz
LHCD and a small loop voltage. The plasma
density rose to about 7 x 1012 cm - 3 , and the
plasma current rose to 16 kA. These parameters
are similar to those of typical conventional dis-
charges on Versator-ll. The electron distribution
has been diagnosed during the early ramp-up, late
ramp-up, and fully developed stages of these dis-
charges. These results, combined with observa-
tions from experiments scheduled for the next six
months, should increase our understanding of the
mechanism of current-generation by rf power in
tokamaks, particularly when ECRH and LHCD are
combined.
1.4.2 800 MHZ Fast Wave Current
Drive Experiments
These experiments are aimed at finding ways to
improve rf current drive efficiency in tokamak
plasmas. While in past experiments the so-called
"slow" lower hybrid wave was used successfully
to drive toroidal plasma currents,67 theory predicts
improved efficiency if "fast" lower hybrid waves
are used instead. 68 To launch such waves, a novel
launcher was developed and manufactured with
industrial help (figure 8). The antenna is com-
posed of dielectric loaded waveguides (using the
ceramic TiO 2, e = 80) arrayed along the toroidal
direction of the tokamak, and the relative phasing
67 M. Porkolab et al., Phys. Rev. Lett. 53: 450 (1984).
68 K. Teilhaber, A. Bers, Nucl Fusion 20: 547 (1980).
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Figure 8. Top and side view of the fast wave antenna.
between adjacent waveguides can be adjusted to
launch power at suitable angles (e.g., 90 degrees).
Our eventual goal in this experiment is to couple
sufficient high power from the antenna to drive
current in the plasma and to study the physics of
wave particle interaction. In addition, the fast
waves will be launched in conjunction with 2.45
GHz slow lower hybrid waves to improve fast
wave absorption.
In the past year, we have continued studies on
antenna-plasma coupling at low power at 800
MHz. Previously, we had shown that the coupling
between our antenna and the plasma is poor
( ~ 85-90 % reflectivity). This is in agreement with
theoretical predictions 68 and code simulations, 69
and may be attributed to the high dielectric con-
stant of the waveguides which leads to a high
impedance mismatch at the waveguide-plasma
interface. We had also found that to couple signif-
icant amounts of power, high edge plasma densi-
ties ~ 2-3 x 1012 cm- 3 are required. These
conditions are difficult to achieve in normal
Versator II operations, especially at low average
69 R. Pinsker, R. Duvall, C. Fortgang, P. Colestock, Nucl. Fusion 26: 7 (1986).
70 S.C. Luckhardt et al., Phys. Rev. Lett., 62: 1508 (1989).
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densities (Rie < 5 x 1012 cm- 3), where the current
drive efficiency would be high.
We have decided to optimize coupling by retuning
the antenna using a phase shifter and stub tuner
assembly to match out the impedance mismatch at
the interface. This method is used successfully to
match ICRF antennas on tokamaks. To accom-
plish this, components of the antenna had to be
redesigned to allow tuning over a range of VSWRs
expected for antenna plasma coupling. In partic-
ular, the junction between the rectangular wave-
guide section and the (air) coax waveguide
section was found to be highly reflective (VSWR
~ 3.5-4.0). A new design was employed to
reduce this mismatch. Our measurements show
improved performance (VSWR ~ 1.1) at the junc-
tion. We have also motorized the tuning assem-
blies (e.g., the tuning stubs and phase shifters) in
order to provide remote control and allow for
tuning adjustments between shots.
We have done a preliminary retuning at moderate
edge conditions (- 5 x 1011 cm-3), and this has
resulted in a marked decrease in the total antenna
reflectivity to values as low as 35-45% for 60
degree relative phasing. Our current efforts are
aimed at optimizing good coupling at 90 degree
phasing, which is the usual setting for current
drive experiments. We will commence high power
operations in 1991.
1.4.3 High Beta-Poloidal
Experiments with Advanced
Diagnostics
The purpose of this project is (1) to measure the
distribution of fast electrons during rf current drive
experiments, and (2) to study the equilibrium and
stability of high beta poloidal plasmas in the
Versator II tokamak. In these plasmas, the entire
plasma current and most of the plasma pressure is
supplied by highly energetic electrons created by
launched lower-hybrid plasma waves.70 We plan to
map the spatial and velocity distributions of these
fast current carrying electrons. With this informa-
tion we can calculate realistic plasma current and
pressure distributions. Along with other basic
plasma parameters, we can then test theoretical
predictions regarding the stability of these
plasmas. Specifically, we would like to determine
if these equilibria are in or near what is called the
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second stability regime.7 1 In addition, we wish to
determine the possible presence of MHD instabili-
ties, such as ballooning modes.
To accomplish this goal, we have developed an
array of hard x-ray (10-500 kev) spectrometers as
well as an array of magnetic pickup loops. With
the x-ray detectors we look at plasma
bremsstrahlung emission from the collision of the
energetic electrons with the plasma ions. We can
exploit the fact that bremsstrahlung emission
becomes asymmetric with respect to the direction
of the electron motion at high energies. This
would tell us if an asymmetric electron velocity
distribution has evolved during rf current drive
experiments. We do this by looking at the x-ray
emissions at various angles to the toroidal mag-
netic field. For the spatial distribution we can look
at the emissions at different plasma radii (see
figure 9). We can then unfold this data to obtain
the distribution of the energetic electrons. We also
have an array of magnetic pickup loops inside the
tokamak vacuum chamber near the plasma to
measure magnetic fluctuations. This gives us
some information about the stability of the plasma
by observing oscillations in the external magnetic
field induced by the currents in the plasma.
In the past year, we have obtained x-ray profile
data from emission perpendicular to the toroidal
magnetic field as a function of the tokamak major
radius. We first did this using a single movable
detector, and, more recently (this past year), we
used a newly completed array of detectors. The
array can take time integrated x-ray energy spectra
and energy integrated time dependent data simul-
taneously on all detectors. We have been using it
to acquire data from high poloidal beta plasmas as
well as rf plasma startup experiments. We have
observed outward shifts in major radius of the
x-ray emission profiles corresponding to high
poloidal beta, but we also see a large emission of
x-rays toward the inside of the plasma major
radius.
We have also recently installed an array of ten
toroidally spaced magnetic pickup loops for moni-
toring the fluctuations in the poloidal magnetic
field. We also used this during high poloidal beta
experiments. No coherent fluctuations have been
observed during high beta poloidal equilibria, but
some transient oscillations were seen in the phase
between low and high beta poloidal.
In 1991, we plan to extend our database of per-
pendicular profile data of x-ray emissions and
analyze the data to model current profiles. Finally,
we are presently installing an array of x-ray detec-
tors for observing emissions at various angles to
the toroidal magnetic field. This array will obtain
energy spectra for modeling the electron velocity
distribution. In addition, this array will be movable
to obtain a clearer picture of the spatial depend-
ence of the distribution of fast electrons.
Figure 9. Drawing of the perpendicular viewing radial
array of x-ray detectors.
71 B. Coppi, A. Ferreira, J.W-K. Mark, and J.J. Ramos, Nuct Fusion 19: 715 (1979).
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